The herbicide Simazine added to culture media at concentrations of 10, 50 or 100 txg ml-1 affected the quantitative production of B-group vitamins (thiamin, niacin, pantothenic acid, cyanocobalamin and biotin) by Azotobacter vinelandii strain ATCC 12837 and A. chroococcum strain H23. The responses were different for each strain and conditioned by culture media composition. Effect of the herbicide on vitamin production was more pronounced when the strains were grown in dialysed-soil medium, similar to the natural habitat of the organisms. © 1997 Elsevier Science B.V.
Introduction
Since 1902, bacteria of the genus Azotobacter, particularly A. chroococcum, have been used as inoculants for agriculture because of their ability to fix N 2 in association with plant roots (Rubenchik, 1963) . Azotobacter is widely distributed in soils of temperate regions with almost neutral pH, and these organisms are easily isolated from cereal and legume rhizospheres (Kole et al., 1988; Martnez-Toledo et al., 1991a) . Plant growth or yield responses to Azotobacter inoculation have been reported for wheat, corn, rye, oat and several vegetable crops (Jagnow, 1987; Becking, 1992; Abbas and Okon, 1993) . These plant growth-promoting ability of Azotobacter is not only due to nitrogen fixation; suppression of pathogenic microorganisms, mobilization of soil * Corresponding author. phosphate and production of phytohormones and water soluble vitamins by these bacteria are also probably involved in their synergistic interactions with plants (Martlnez-Toledo et al., 1991a) . Synthesis of biologically-active substances by Azotobacter is strongly influenced by some growth conditions, such as the availability of C and N sources (MartlnezToledo et al., 1996) .
The effect of pesticides on the qualitative and quantitative composition of soil bacterial and fungal populations, as well as their influence on microbial enzymatic activities in soil, have been studied to some extent (Pozo et al., 1994 (Pozo et al., , 1995 . Azotobacter has been widely used as indicator of the effect of agrochemicals on soil N2-fixation (Gonz~ilez-L6pez et al., 1992) . However, to our knowledge there are no previous reports related to the effect of pesticides on the production of biologically-active substances by Azotobacter nor other plant growth-promoting rhizobacteria.
Simazine is an herbicide widely used in agriculture to control broad-leaved annual and perennial weeds and it is applied at concentrations in the range from 1.0 to 4.0 Kg ha -1. It has been previously reported that the triazine-derived herbicide Simazine affects nitrogenase activity and ATP content of Azotobacter (Martlnez-Toledo et al., 1991b) . The possibility that this herbicide may have an adverse effect on rhizobacteria such as Azotobacter could be of considerable importance.
We report the effect of Simazine on the production of B-group vitamins by Azotobacter spp. grown in chemically-defined media and dialysed-soil media (which is considered similar to the natural environment of this organism), in order to evaluate the influence of Simazine on the production of vitamins by this organism.
Materials and methods
Dialysed-soil medium was prepared with pulverized dry soil, obtained from the top 10 cm of a garden (Faculty of Pharmacy, University of Granada); this soil has a clay loam texture and contained 25% sand, 45% silt, 30% clay, 3.55% organic mater, 0.13% total N, with pH (H20) 8.4, according to Gonz~lez-L6pez et al. (1991) . The pH value of dialysed-soil media was adjusted to 7.2 using NaOH 0.1, mol 1-1 Each Erlenmeyer flask containing dialysed-soil medium was amended with appropriate concentration of glucose (0.5% w/v), which was sterilized separately in concentrated solution.
Auxotrophic strains L. fermentum and P. acidilactici were maintained on Difco MRS medium and transferred into fresh medium once a week. BactoThiamin Assay Medium, Bacto-Pantothenate Assay Medium, Bacto-Niacin Assay Medium, Bacto-B12 Assay Medium (Difco) and Bacto-Biotin Assay Medium were used for detection and quantification of vitamins.
Microorganisms 2.3. Experiments using chemically-defined media
Microorganisms used in this study were A. chroococcum strain H23 (Spanish Type Culture Collection, CECT 4435), isolated from maize rhizosphere by Martlnez-Toledo et al. (1985) , and A. vinelandii ATCC 12837. The production of vitamins was assayed using Lactobacillus fermentum ATCC 9338 (auxotrophic for thiamine, niacin and cyanocobalamin) and Pediococcus acidilactici ATCC 8042 (auxotrophic for pantothenic acid and biotin).
Culture media
Production of thiamin, niacin, pantothenic acid, cyanocobalamin and biotin by Azotobacter strains was studied in NH-medium, N-free medium and dialysed-soil medium. All media were amended with 0.5% (w/v) D-glucose as carbon source. The composition of N-free culture medium was: K2HPO 4, 0.64 g, KH2PO4, 0.16 g; NaC1, 0.2 g; MgSO4.7H20, 0.2 g; CaSO 4 • 2H20, 0.05 g; NaMO 2. 2H20, 0.01 g; ferric citrate, 0.02 g; distilled water, 1 1. NH-culture media were supplemented with 0.12% NH4C1. The pH was adjusted to 7.2 using NaOH, 0.1 tool
A. chroococcum and A. vinelandii strains were grown in N-free medium amended with 0.5% glucose. The cultures were incubated with gentle agitation (100 rpm) to maintain aerobic conditions for 24 h at 28°C. After three successive transfer of the culture to fresh medium, cells were harvested by centrifugation at 10000 Xg for 10 rain and resuspended in sterile phosphate buffer (150 mM, pH 7.0) at an optical density of 0.6 at 550 nm. Aliquots (1 ml) of the cell suspensions were transferred to 250 ml Erlenmeyer flasks containing 50 ml of N-free medium or NH-medium. Simazine (2-chloro-4,6-bis-ethylamino-l,3,5-triazine) had been added to the media at concentrations of 0, 10, 50 and 100 Ixg m1-1 according to Martfnez-Toledo et ai. (1991b) . To aid solubility and dispersion, 0.3% Tween 80 was added into the media (Wood and McRae, 1974) . Control media were supplemented with the same amount of Tween 80 for comparison.
Total cell numbers of Azotobacter in these cultures were determined by standard plate counts in N-free agar medium. All cultures were centrifuged at 10000 Xg for 10 rain in a refrigerated (4°C) centrifuge. The supernatants were passed through sterile 0.22 Ixm filter membranes (Millipore) and the fil-trates added (2 ml) to test tubes containing 2 ml of Difco assay medium for thiamine, niacin, pantothenic acid, cyanocobalamin or biotin. The standard curves for vitamins were determined according to Rodelas et al. (1993) . All test tubes were inoculated with 0.1 ml of standardized inoculum of the appropriate auxotrophic strain, according to Gonz~lez-L6pez et al. (1983) . The inoculated tubes were incubated for 24 h at 37°C. Total cell numbers of the auxotrophic strains in test tubes were determined by standard plate counts in Difco MRS.
Experiments using dialysed-soil media
the culture to fresh medium, cells were harvested by centrifugation at 10000 Xg for 10 min and resuspended in sterile phosphate buffer (150 mM, pH 7.0) at an optical density of 0.6 at 550 nm. Aliquots (1 ml) of the cell suspensions were transferred to 250 ml Erlenmeyer flasks containing 50 ml of dialysedsoil media amended with 0, 10, 50 or 100 I~g m1-1 of Simazine. To aid solubility and dispersion, 0.3% Tween 80 was added into the media. Control media received equal amounts of Tween 80 for comparison. Total cell numbers and production of vitamins by Azotobacter in the presence of different amounts of Simazine were determined as described above.
A. chroococcum and A. vinelandii strains were grown in dialysed-soil media amended with 0.5% glucose. The cultures were incubated with gentle agitation (100 rpm) to maintain aerobic conditions for 24 h at 28°C. After three successive transfers of (STSC Inc., Rockville, Maryland, USA, 1989). Least significant differences (LSDs) were calculated at 99% level of significance (P < 0.01).
Results and discussion
Growth of Azotobacter spp. strains was not affected by the addition of Simazine to culture media. Quantitative production of B-group vitamins by A. vinelandii strain ATCC 12837 and A. chroococcum strain H23 cultured in chemically-defined N-free or NHaC1 amended media, in the presence of 0, 10, 50 or 100 lxg m1-1 of Simazine, is shown in Figs. 1 and  2 , respectively. Thiamin production by strain ATCC 12837 was significantly increased by all concentrations of the herbicide assayed in both N-free or ammonia amended chemically-defined media. Niacin production by Azotobacter strains used throughout this study was not significantly affected by Simazine in N-free or ammonia amended media.
In N-free medium, Simazine did not affect the liberation of pantothenic acid by strains ATCC 12837 and H23 (Fig. 1) . However, when ammonia was added to Burk's medium, production of this vitamin by strain ATCC 12837 was always decreased in the presence of Simazine, whereas the production of pantothenic acid by strain H23 was strongly enhanced at concentrations of 50 or 100 p~g ml -~ of the herbicide (Fig. 2) .
Cyanocobalamin production by strain ATCC 12837 remained unaffected by Simazine, while liberation of this vitamin by strain H23 was significantly enhanced by Simazine at all assayed concentrations, although this effect was only observed in medium amended with NH4CI (Fig. 2) . Liberation of biotin by strain ATCC 12837 was significantly higher in N-free medium amended with 100 I~g m1-1 of Simazine; nevertheless, the same concentration of herbicide decreased biotin production when the cells were grown on ammonia amended medium (Fig. 2) . The production of this vitamin by strain H23 was always lower in both culture media in the presence of the herbicide. The difference was significant versus control in N-free medium at a Simazine concentration of 100 Ixg m1-1 (Fig. 1) .
Production of B-group vitamins by Azotobacter strains ATCC 12837 and H23 in dialysed-soil medium added with Simazine is shown in Fig. 3 . It is worth noting that the production of the five vitarnins by both strains in this medium was significantly modified by Simazine in comparison with controls, especially at the higher concentration applied (100 ~g ml-~). Under these conditions of culture, niacin and cyanocobalamin production by strain ATCC 12837 were significantly decreased with all concentrations of the herbicide, while the liberation of these vitamins by strain H23 was always higher in Simazine amended medium. Thiamin and pantothenic acid were detected in supernatants of strain ATCC 12837 cultured with Simazine at similar amounts than in controls, whereas the production of these two vitamins by strain H23 was slightly decreased in the presence of the herbicide. Biotin production by both strains was enhanced by Simazine in dialysed-soil medium, although only at high concentration (100 ~g m1-1) in the case of strain H23.
The results presented in this paper show that quantitative production of B-group vitamins by Azotobacter spp. is clearly affected by the herbicide Simazine, although the magnitude and responses are shown to be different for each strain and are also strongly related to culture conditions such as the availability of combined N in the medium. The effects of culture media composition and different C/N ratios on vitamin production by Azotobacter spp. have been previously reported (Gonz~lez-L6pez et al., 1983 (Gonz~lez-L6pez et al., , 1992 Marrnez-Toledo et al., 1988) . Martinez-Toledo et al. (1991b) showed that Simazine did not affect the microbial growth of Azotobacter. However, although no modification or inhibition of microbial population had been observed when Azotobacter was cultured in the presence of this herbicide, high concentrations of Simazine could stimulate some biological activities of these bacteria. In the absence of clear data regarding to Simazine decomposition in agricultural soils, our results suggest that frequent applications of this compound to the soil could affect the liberation of thiamin, niacin, pantothenic acid, cyanocobalamin and biotin by Azotobacter spp. In this context, these effects were more evident when the organisms were grown in dialysed-soil medium (similar to the natural environment) in comparison with the responses observed in chemically-defined media, particularly at high concentrations of the herbicide (Fig. 3) . It has been previously observed that Azotobacter spp. also show different cytology and biological activity in chemically-defined media than in dialysed-soil medium, which has been designed to reproduce more accurately the nutritional conditions of the natural habitat of these organisms (Martinez-Toledo et al., 1991b) . These results suggest that the effect of xenobiotics on the production of biologically active substances by Azotobacter spp. in laboratory cultures should not be always comparable to the real behaviour of these organisms in soil or rhizosphere.
The herbicide Simazine tested in our study considerably affected the production of B-group vitamins by Azotobacter spp.. B-group vitamins are produced at biologically-active levels by most bacteria and fungi isolated from soil or plant roots (Baya et al., 1981; Strzelczyk and Leniarska, 1985) . In this sense, the production of thiamin, pantothenic acid and other water-soluble vitamins by rhizospheric microorganisms such as Pseudomonas and Azotobacter has been found related to the potential of these bacteria to enhance N2-fixation and growth of legumes nodulated by Rhizobium (Derylo and Skorupska, 1993) . Thus, it could be suggested that application of Simazine may have significant effects on the production of vitamins by soil and rhizosphere microflora, and consequently affect some platbacterial interactions. Never the less, the degree to which the effect of Simazine can be extrapolated to field conditions deserves more attention.
